Abstract
Poorly-drained boreal soils are rich in organic matter and play a critical role in the global 3 carbon (C) cycle due to the large accumulation of soil C via the long-term preservation of old, 4 deep C. The mechanisms responsible for accumulation of C in boreal soils include the physical 5 and chemical properties of soils and the biophysical regulation of decomposition. Within boreal 6 soils several factors are important to the control of decomposition rates; most notably, 7 temperature, substrate recalcitrance, and moisture (Hobbie et al., 2000) . In addition to these 8 factors, fire also contributes to boreal soil C dynamics through combustion of organic matter and 9 production of highly recalcitrant black carbon compounds (Harden, 2000; Czimczik, 2003) . 10 Understanding the influence of these factors on C stabilization in boreal soils is essential to 11 improving predictions of how boreal soil C might respond to a warming climate. 12 Soil temperature influences the rate of microbial activity in soils and therefore, regulates 13 the rate of soil organic carbon (SOC) decomposition. Indeed, decomposition in arctic and boreal 14 soils is sensitive to temperature based on both field observations (Goulden et al., 1998) 16 This response to soil temperature influences the seasonal dynamics of soil respiration in boreal 17 soils. Warm surface organic soils appear to be the dominant source of CO 2 -C released in the 18 summer, though the insulated humic organic layer and thawed mineral soil contributes as much 19 as 20% of the annual CO 2 -C loss during the fall through early spring (Winston et al., 1997). The 20 stability of the deeper soil C is of particular interest as climate change may increase soil 21 temperatures at depth, thereby increasing the flux of old C from the deep soil. 22 The influence of substrate quality and recalcitrance on the rate of decomposition in boreal 23 soils has been explored primarily through examination of decomposition rates for leaf litter 24 substrate from different growth forms (Flanagan and van Cleve, 1983; Hobbie, 1996) and soil 25 beneath various arctic and boreal plants (Neff and Hooper, 2002) . It is evident from these 26 studies that the rate of decomposition varies considerably due to growth form, but the 27 recalcitrance of buried humic material relative to the less humified soil organic matter (SOM) in 28 the surface horizon is not known. While it is clear from radiocarbon dating that the deeper, 29 humic layers are indeed older, it is unclear why. Substrate age does not necessarily correspond 30 4 with recalcitrance if other factors such as cold temperatures or high moisture content are 1 protecting the carbon from decomposition. 2 Fire is the other critical process that we need to understand in order to predict boreal soil live and dead moss layers exposes previously buried soil to warmer temperatures near the 10 surface, and thus, may increase decomposition (Harden et al., submitted) . As with substrate 11 recalcitrance and soil physical factors, fire is part of the mosaic of interacting controls that 12 influence contemporary boreal decomposition processes and will control future carbon dynamics 13 in these ecosystems. 14 The quantitative influence of multiple interacting controls on soil organic matter 15 decomposition is difficult to establish in field studies but is well suited to examination in a 16 simulation model environment. In this paper, we describe a new layered soil decomposition 17 model that can be used to assess the mechanisms of C accumulation in poorly-drained boreal 18 soils. We use this model and data from a well characterized, poorly drained ecosystem in 19 Manitoba, Canada to carry out an assessment of what factors influence decomposition and C 20 accumulation in this setting. We chose poorly-drained boreal soils as they represent soils 21 intermediate in decomposition and C accumulation compared to well-drained upland soils and 22 organic rich, very poorly drained ecosystems (Rapalee, 1998 Dynamic model layer development 12 The model simulates multiple organic soil layers and soil depth, the latter of which 13 changes through time as organic matter is consumed and re-accumulates between disturbance 14 events (fire). We do not simulate the dynamics of carbon in mineral soil horizons in this model. We assembled a suite of model scenarios to evaluate the performance of the model with a 4 range of parameters that included fixed (Table 2 ) and intentionally varied parameters (Table 3) 5 designed to examine the quantitative importance of several factors on boreal soil C storage. The 6 central focus of our model analysis included factorial combinations of two levels for the soil 7 thermal regime, fire return interval, fire severity, decomposition quotient (Q 10 ), and soil moisture 8 regulation of decomposition. We also used three levels for net primary production and SOC pool 9 structure/turnover dynamics. Combined, these variables allow comparison of the relative 10 importance of soil thermal history, fire disturbance, the temperature and moisture sensitivity of 11 decomposition, variability in NPP and the nature of SOC pool structure and turnover. 12 The model simulations were parameterized with several static parameters used in all 13 simulations. These parameters controlled the allocation of NPP into the various biomass pools, 14 the residence time for C in each of the biomass pools and standing-dead pool, root depth 15 distribution, and the burn severity for standing live black spruce stems (Table 2 ). 16 The parameters that were varied were done so in a factorial design so that every level of 17 each parameter was combined with each level of the other parameters (Table 3 ). This was done and the root biomass distribution both followed a negative exponential model with depth 28 (Jackson et al., 1996) . The root biomass C (C r,z ) was a single pool within each layer based on 29 layer depth z and thickness. Net primary productivity allocation was as shown in Table 2 . To material (Parton, 1987 (Parton, , 1987 . This multiple-pool structure represents increasing recalcitrance 19 with decomposition as organic matter becomes progressively humified and is designated as the 20 multiple-pool humic (M h ) C pool structure. The effect of this structure is that organic matter 21 becomes increasingly recalcitrant as it is cycles through decomposition and so therefore results 22 in increasing recalcitrance in older, deeper, more-decomposed organic matter. We do not however evaluate the potential impact of highly recalcitrant black carbon produced at low rates 27 during fires in an earlier version of this model and found that neither total carbon nor 14 C profiles 28 were sensitive to the inclusion of BC in the model (data not shown). This is a research area 29 where further modeling is certainly warranted as more information becomes available. as soils freeze, reducing the interaction of microbes and enzymes with the soil C. However, due 5 to the lag in deep soil freeze relative to the surface soil (Figure 3a) , deep soil respiration 6 continues well into the fall and early winter, as has been observed in the field (Winston et al., 
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Moisture regulation 27 The influence of soil moisture content on decomposition was handled in a similar manner 28 to soil temperature. We calculated the soil profile water filled pore-space (WFPS) for each 29 month based on monthly average volumetric moisture content from NOBS during 1994-1996.
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NOBS data were recorded at depths of 7.5, 22.5, 45, 75, and 105 cm (Figure 3b) . We used the 31 WFPS record and the decomposition/ moisture response curve from a prior modeling study 1 (Frolking, 1996) Fire return interval and fire severity 7 The influence of fire in the model includes the effects of combustion and soil thermal 8 changes. Fire is modeled to burn a small fraction of C s+b (Table 2 ) and a fraction of all other 9 exposed C pools, which includes the surface SOC pool(s), and C r in the surface organic layer moderately drained systems (Kasischke, 1995) . In addition, we used two different levels of burn 22 severity for consumption of surface moss, black spruce needles, and surface organic soil. One 23 set was based on a burn severity of 30% of available fuels (Harden, 2000) and the other was 24 based on a lower burn severity of 20% (Table 3) . Tulsa, OK, USA). We also carried out a rank based analysis by evaluating the 10 simulations 17 that had the lowest, equally weighted combination, of 14 C RMSD and total C RD.
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Results
19
The batch simulations resulted in a span of C accumulation from 10. organic soil layer depth with time and especially immediately following fire. 27 The structure of the SOC pool (and associated lability or recalcitrance) and carbon input Table 4 ). The accuracy ( 14 C RMSD) of model-data 30 comparisons of the 14 C soil profile was primarily determined by the rate of carbon input (and rate 31 13 of increase in soil depth) whereas a greater number of variables had a statistically significant 1 effect on total carbon content estimates including soil permafrost history, Q 10 , and fire severity 2 (ANOVA F values in Table 4 ). 3 The overall behavior of individual model runs for both total C RD and 14 C RMSD is 4 illustrated in Figure 5 . The average simulation rank of the total C deviation and the 14 C RMSD 5 values suggests that the historically colder scenarios were consistently important in accurate 6 simulation of the NOBS data. Among the top ten simulations, the optimal Q 10 was 3 and the top 7 6 simulations all had fire severity of 20% with the remaining 4 simulations at 30% fire severity.
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Of the two parameter sets that were most influential (based on the ANOVAs), the top ten 9 simulations either had 225 g C m -2 yr -1 NPP coupled with the multiple-pool humic SOC structure 10 or 180 g C m -2 yr -1 NPP coupled with the single-labile SOC pool structure ( Table 5 ). The single- is more sensitive to parameter variation than simulation of total carbon. Whereas many of the 23 simulations accurately predict total soil carbon, they do a very poor job predicting the 24 propagation of the bomb spike through the soil profile (seen as high 14 C RMSD in figure 5 ). 25 These results indicate that accurate simulation of total carbon (a typical metric for model 26 performance) may not be evidence for appropriate representation of underlying model 27 mechanisms. 28 This analysis suggests that one mechanism for carbon preservation in boreal soils is the 29 interaction between organic surface layers and the thermal characteristics of boreal soil profiles.
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As boreal soils develop, slowly decomposing moss litter provides an increasingly thick organic Table 5 . This feedback between soil depth In this paper, we used a range of techniques to estimate parameters for modeling, but the 12 accuracy of this exercise is to some degree limited by the data available from field and laboratory 13 studies. This is particularly true for estimates of soil organic matter turnover times and above 14 and belowground NPP. These factors play a major role in boreal C accumulation rates in the site 15 we examined and in general remain difficult to estimate. While better boreal parameter 16 estimates might improve our modeling ability, much more work is needed to better represent the 17 unique characteristics of boreal ecosystems in regional and global ecosystem models. This 18 analysis clearly illustrates that boreal soil carbon models need to be vertically resolved, 19 mechanically sophisticated, and capable of simulating millennial scale changes in soil carbon 20 dynamics in order to capture key aspects of contemporary boreal C cycling, let alone predict 21 future changes in boreal C cycling. The carbon pool structure for northern soils is probably best 22 captured by discreet representation of soil depth as it relates to physical processes (Trumbore, 23 1997 representing soil layer depth. Refer to methods for further details. 6 7 Table 4 . Main effects ANOVAs for all simulations based on total C RSD and 14 C RMSD. 
